Background: Amitriptyline has been replaced in many countries by alternative and more expensive drugs based on claims of improved tolerability and toxicity and despite slightly reduced efficacy. Preliminary studies indicate that adverse effects could be linked to polymorphisms of drug-metabolizing enzymes, but information on their clinical impact remains scanty and includes mainly case reports. We conducted a prospective blinded two-center study seeking correlations between CYP2C19 and CYP2D6 genotypes, drug concentrations, adverse events, and therapy response. Methods: Fifty Caucasian inpatients with at least medium-grade depressive disorder received amitriptyline at a fixed dose of 75 mg twice a day. Blood samples for concentration monitoring of amitriptyline and nortriptyline were taken weekly until discharge along with evaluations of depression (Hamilton Depression Scale and Clinical Global Impression Scale) and side effect (Dosage Record and Treatment Emergent Symptoms Scale; DOTES) scores. Results: In a ROC analysis, nortriptyline but not amitriptyline concentrations correlated with side effects (DOTES sum score >5; area under the curve, 0.733; P ‫؍‬ 0.008). Carriers of two functional CYP2D6 alleles had a
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amitriptyline (AT) have been the cornerstones of antidepressive therapy for more than three decades. Current treatment guidelines recommend the use of TCAs only in patients with psychotic features and treatment resistance (2 ) . Nevertheless, more than 1 million patients received TCAs in the United States in 2000 (3 ) , and AT is still used extensively in developing countries because of its cost benefits.
The major pathway of AT metabolism is demethylation to nortriptyline (NT), mainly by cytochrome P450 2C19 (CYP2C19) (4 ) . NT is an active compound, which is the reason that the sum of both concentrations is used to guide therapy in therapeutic drug monitoring (5 ) . NT is hydroxylated by cytochrome P450 2D6 (CYP2D6), forming 10-OH-NT, an inactive metabolite.
Both CYP2C19 and CYP2D6 are highly polymorphic, leading to a wide range in enzymatic activity. Whereas CYP2C19 activity is determined mainly by 2 dysfunctional alleles, 68 point mutations and 9 insertions or deletions account for the 44 CYP2D6 alleles reported to date (6 ) , with many of them affecting expression or activity. Testing for a limited set of CYP2D6 alleles may predict with close to 100% accuracy the vast majority of Caucasian individuals lacking CYP2D6 activity [poor metabolizers (PMs)] (7 ). In contrast, only 20% of ultrarapid metabolizers (UMs) can be predicted from the results of genotyping (8 ) .
Because potential benefits were expected to be most pronounced in individuals with extreme pharmacokinetics, studies in clinical patients have concentrated on PMs and UMs. These studies failed to show genotype/response correlations, particularly in newer drugs with wide therapeutic windows (9 ) , but did show nonsignificant trends toward a higher rate of side effects in heterogeneously treated PMs (10 ) . No sufficient prediction of metabolic activity has been possible within the group of normal extensive metabolizers (EMs) (11 ) . Only recently, a new CYP2D6 mutation (*41) was reported to account for 60% of phenotypically intermediate metabolizers (IMs) (8, 12 ) , a distinct subgroup of extensive metabolizers (EMs). Consequently, there has been a lack of studies demonstrating clinical utility apart from screening for extremes. Moreover, such studies on older drugs such as TCAs are difficult to finance and perform (3 ) , because these drugs are no longer recommended as a first-line therapy.
We conducted a prospective blinded study in a Caucasian population of depressive inpatients treated with AT. We determined the CYP2C19 and CYP2D6 genotypes and measured serum concentrations of AT and NT and sought correlations with adverse events and therapy response.
Here we report genotype and concentration outcome relationships. The influence of CYP2D6 and CYP2C19 on the pharmacokinetics of AT and NT in this population is discussed elsewhere (13 ) .
Materials and Methods patients
Over a period of 12 months, a total of 50 patients were included in the study. The study was approved by the Institutional Review Boards (Technische Universität Mü nchen and Bezirkskrankenhaus Haar) and followed the principles of the Helsinki Declaration. Patients were informed of the aims and design of the study and gave written consent.
The following criteria had to be met: at least mediumgrade depressive disorder according to ICD-10 criteria and a Hamilton Depression Scale (HAMD; total of 21 items) of 16 or higher. On admission to hospital and weekly thereafter (plus on day 18), the Clinical Global Impression Scale (CGI), the HAMD, and the Dosage Record and Treatment Emergent Symptoms Scale (DOTES) (14 ) were performed by the treating physician, who was blind to genotypes and serum concentrations until day 21. The DOTES scale includes 30 single items with a rating of slight (score value of 1), moderate (2), or strong effect (3) and is organized in five clusters.
Exclusion criteria were drug or alcohol abuse, clinically relevant laboratory abnormalities, severe illness not allowing the use of TCAs (e.g., severe epilepsy, glaucoma, or cardiovascular disease), other relevant psychiatric diseases (e.g., dementia or schizophrenia), and pregnancy. For the baseline characteristics of the patient population, see Table 1 .
dosing
The AT dose was increased over the first 2 days and was then given at a fixed dose of 150 mg/day (75 mg twice a day; 12-h dosing interval) for the first 3 weeks of treatment. In five patients, the dose was changed at the treating psychiatrist's discretion during the first 3 weeks (75 mg/day, n ϭ 1; 100 mg/day, n ϭ 3; 125 mg/day, n ϭ 1). Patients stayed in the hospital for the entire study period and took their medication under supervision to reduce noncompliance. Accompanying medication was allowed, but substances interfering with CYP2D6 or CYP2C19 metabolism were avoided whenever possible according to the judgment of the attending physicians.
blood sampling and serum concentrations
Blood samples were taken immediately before the morning dose at ϳ0830 on days 0, 7, 14, 18, and 21. Serum concentrations were measured with the Emit ® immunoassay specific for AT and NT (Syva; center 1) or a commercial HPLC assay (Bio-Rad; center 2, and center 1 for confirmatory measurements). Accuracy was ensured for both centers by participation in an international proficiency testing scheme (Heathcontrol).
genotyping
Each patient gave 2.7 mL of EDTA-blood. Genotyping of the dysfunctional CYP2C19 alleles *2, *3, and *4 was performed according to published methods (15) (16) (17) .
CYP2D6 genotype was determined by real-time and conventional PCR (18, 19 ) . The most important alleles in a Caucasian population were assessed: fully functional alleles (*1 and *2); completely dysfunctional alleles (*3-*8); alleles with reduced function (*9, *10, and *41); and duplicated alleles with enhanced function.
statistics
Statistical calculations were performed with SPSS 11.5. We analyzed differences of the mean with the KruskalWallis H-test and the Mann-Whitney nonparametric Utest. The Fisher exact test was used for prevalence comparisons among the groups. The P values in this report are always two-tailed. For the ROC analysis, we used predefined response criteria relying on the HAMD scores and a DOTES side effects score of 5 as cutoff (next score value above the mean of all patients). The ROC analysis describes the power of a diagnostic test (drug concentrations) to differentiate between two different outcomes (e.g., above-average side effects or below-average side effects).
Results patients
Five of the original 55 patients could not be analyzed for the following reasons: bipolar disease with rapid change to manic phase (n ϭ 1); withdrawal of consent (n ϭ 2); increased hepatic enzymes (n ϭ 1); or missed sampling for genotyping (n ϭ 1). Of the remaining 50 patients (Table 1) , 45 reached day 21 of the study. One patient developed a total right bundle branch block and had to be released from the study on day 9. Two patients discontinued the study on days 14 and 18, respectively, because of lack of improvement and intolerable side effects. On days 14 and 18, respectively, two other patients discontinued participation in the study and left the hospital against medical advice, in complete remission but suffering from side effects. For these five patients, we carried the last observations forward to day 21. The overall clinical response, as measured by HAMD, Beck Depression Inventory, and CGI scores, was as expected after 3 weeks of treatment in this population of patients ( Table 2 ).
serum concentrations and clinical outcomes
On day 7, mean AT and NT concentrations reached 95% of the concentrations observed by day 21. The mean CV of serum concentrations (AT ϩ NT) between days 7 and 21 was 14%, indicating that steady state had been achieved. ROC analysis showed that the mean concentrations for each patient between days 7 and 21 [AT, NT, and AT ϩN T (sum of both concentrations)] and the NT/AT ratio could predict neither full response nor complete nonresponse to therapy [areas under curves (AUCs), 0.380 -0.599; all P values Ͼ0.2]. When we repeated the analysis for substantial side effects, NT but not AT concentrations were associated with DOTES scores Ն5 [AUC NT ϭ 0.733; 95% confidence interval (CI), 0.577-0.888; P ϭ 0.008; AUC AT ϭ 0.547; 95% CI, 0.384 -0.711; P ϭ 0.587]. When a cutoff of 66 g/L (251 nmol/L) NT was chosen, the sensitivity for substantial side effects was 70.6% with a specificity of 69.7%.
The actual DOTES sum score correlated with mean NT but not AT concentrations: day 21, Pearson correlation coefficients, 0.51 for NT (P ϭ 0.00008) and 0.15 for AT (P ϭ 0.144).
genotypes and outcome
No dysfunctional CYP2C19 alleles other than *2 were detected, which corresponds with previous publications (20, 21 ) . One CYP2C19 PM, 18 heterozygous IMs, and 30 homozygous EMs were identified, whereas in 1 patient, CYP2C19 genotyping was not successful. According to current literature (8, 11 ) , the CYP2D6 genotypes found in our population had to be classified (predicted phenotype) as 0 PMs (two completely dysfunctional alleles), 3 IMs (one completely dysfunctional allele and *41 or *10), 46 EMs (any combination including at least one fully functional allele), and 1 UM (duplication of fully functional alleles), which conformed to the expected range for a population of that size (22 ) ( Table 2) .
In contrast to the above classification and based on previously reported genotype/concentration correlations (13 ), we split our population into two groups: those carrying at least one completely dysfunctional allele (CYP2D6 gene dose ϭ 1; 2D6-1; n ϭ 17); or those carrying only functional alleles (2D6-2; n ϭ 33; *1, *2, and *10 or *41). The same was done for CYP2C19 (2C19-1 or 2C19-2; n ϭ 19 and 30, respectively). We observed no significant differences between the groups regarding response on day 21 for either CYP2C19 or CYP2D6 (Fisher exact test in all cases, P Ͼ0.4). The prevalence of substantial side effects On the basis of our observation that NT rather than AT concentrations correlated with side effects, we concluded that the subgroup of slower CYP2C19 metabolizers (2C19-1) who are also faster metabolizers regarding CYP2D6 (2D6-2) should display the lowest risk of adverse events. In fact, none of the 13 patients in this group developed substantial side effects (Fig. 1) as opposed to 81.8% (9 of 11) in the high-risk group (2C19-2/2D6-1; P ϭ 0.00004). The overall trend over the four groups was highly significant (P ϭ 0.000006). On the basis of that finding, we labeled the groups as low, medium-low, medium-high, and high risk (risk classifications 1-4; Fig. 1) .
In contrast to our previous report on this population (13 ) , in this report we analyzed absolute serum concentrations not corrected for dose and body weight, aiming primarily at clinical outcome. We found significant differences of AT, NT, and AT ϩ NT serum concentrations and the NT/AT ratio across the four risk groups. NT concentrations and the NT/AT ratio increased with increasing risk, from the low-to the high-risk groups. NT concentrations and the DOTES total sum score on day 21 yielded significant differences for all comparisons between risk groups with different CYP2D6 status (P Ͻ0.05). This was not the case when the only change was CYP2C19 status. However, when we compared the two biggest groups, which differed only in their CYP2C19 status (low and medium-low risk), we observed a trend toward significant differences for both the DOTES total sum score and NT concentrations (P Ͻ0.1). These findings highlight the possible clinical importance of combined slight differences in the activity of two metabolically involved enzymes.
The positive predictive values for substantial side effects (DOTES Ն5) were 81.8% for the group of patients classified as high risk and 76.5% for the medium-highand high-risk groups combined. The negative predictive values for the absence of substantial side effects for the low-risk group were 100% and 90.6% for the combined medium-low-and low-risk groups.
Anticholinergic/gastrointestinal and mental side ef- fects contributed 84% to the total sum score. For all five side effect clusters and the overall severity of side effects, there was a uniform pattern of increasing scores from low to high risk with only three exceptions between the medium-high-and high-risk groups (Table 3) . The high-risk group developed adverse effects early in the course of therapy, and the risk remained high, whereas the low-risk group did not display substantial side effects throughout the whole study period (Fig. 2) . All five patients who terminated the study prematurely before day 21 were either in the high-(n ϭ 4) or the medium-high-risk group (mean DOTES total sum score, 6.4; range, 5-9). When we compared the risk classification of patients who were finally discharged on AT with those discharged on other drugs, there was a nonsignificant trend toward higher risk in the group that had changed to alternative drugs (Mann-Whitney U-test, P ϭ 0.097; mean risk classification, 2.12 vs 2.73).
Discussion
Despite the well-documented pharmacokinetic consequences of CYP2D6 polymorphisms, reports on the clinical impact of CYP2D6 (11 ) and CYP2C19 (23 ) testing remain scanty and include mainly case reports (24 -27 ) . Several studies have investigated the relationship between CYP2D6 genotype and side effects of psychoactive medication. The results have been inconsistent but tend to show a slight overrepresentation of dysfunctional CYP2D6 alleles, e.g., in patients with neuroleptic-induced movement disorders (11 ) . Two studies (10, 28 ) reported a nonsignificant trend toward an increased frequency of dysfunctional CYP2D6 alleles in heterogeneously treated depressed patients with adverse drug reactions. Recently, however, Murphy et al. (9 ) reported that CYP2D6 genotype failed to predict adverse events in depressed patients treated with two newer antidepressants, paroxetine and mirtazapine. Both drugs display a wide therapeutic window, and dosing is, therefore, usually not guided by drug concentration as is recommended for TCAs. Additionally, the saturable metabolism of paroxetine in CYP2D6 EMs produces a maximum twofold difference in drug concentrations between PMs and EMs in chronic dosing (29 ) . Both facts may explain why an influence of CYP2D6 on adverse effects could not be detected. TCAs and NT, in particular, have been studied extensively concerning the pharmacokinetic consequences of CYP2D6 polymorphisms. Therapeutic ranges reported for concentration monitoring of TCAs have been derived with considerable difficulty and mainly with regard to response (5, 30 ) . It is, however, well known that serious toxic events at concentrations above the therapeutic range are to be expected (31 ) . Nevertheless, there is a complete lack of published studies investigating the direct impact of CYP2D6 and CYP2C19 genotype on the adverse effects of TCA in clinically treated patients.
It has been a paradigm from early studies that individuals are classified as poor, intermediate, extensive, or ultrarapid CYP2D6 metabolizers. This was based on metabolic activity in relation to specific test drugs and has been transferred to the genotyping era without being reconsidered (13 ) . This concept does not differentiate between carriers of two or only one functional allele. Both are classified as EMs (predicted phenotype from genotype), despite the demonstration of a gene-dose effect in several studies (32) (33) (34) (35) and the generally accepted notion of enhanced function as a result of duplicated alleles (35 ) .
Here we show that major effects on therapeutic outcomes may remain undetected by this practice. The results reported here are in complete congruence with a previous report from this patient population showing a close and highly significant relationship between CYP2D6 and CYP2C19 gene dose and AT/NT concentrations within the group of patients conventionally termed as EMs (predicted from genotype) (13 ) . The findings suggest that gene dose is a much better predictor because it allows not only the detection of extreme outliers (PMs and UMs) but correlates with adverse effects in the two largest groups, carriers of two or only one functional allele.
This may have a major impact on cost/benefit estimations of pretherapeutic CYP2D6 genotyping and ultimately on the wider adoption of these methods for clinical purposes. Currently, there is no defined clinical situation in which pretherapeutic CYP2D6 genotyping is accepted as a standard procedure before drug selection or for individualizing drug therapy. Despite demonstration of severe adverse events in PMs (10, 36 ) and a lack of response in UMs (37, 38 ) , it has been difficult to demonstrate the cost-effectiveness of screening for these poly- Depicted are the DOTES total sum scores. Only side effects related to TCAs were considered in the DOTES rating, which includes 30 single items with a rating of slight (score of 1), moderate (2), or strong effect (3) and is organized in five clusters (mental side effects, neuromuscular symptoms, anticholinergic/gastrointestinal symptoms, cardiovascular symptoms, and other symptoms). The total rating therefore theoretically ranges between 0 and 90. Depicted are mean (SE; indicated by error bars) total scores. For clarity, only the two extreme groups, low and high risk, are shown. The differences in the DOTES total sum score between these two groups were significant on all days except day 0: Mann-Whitney U-test (day 0 to day 21), P ϭ 0.3308, 0.0340, 0.0018, 0.0055, and 0.0002. This was the same when a Kruskal-Wallis test including all four groups (low, low-medium, high-medium, and high risk) was performed (day 0 to day 21, P ϭ 0.7376, 0.0361, 0.0100, 0.0130, and 0.0004).
morphisms (39, 40 ) . To detect one PM or UM in a Caucasian population, 12 patients have to be genotyped, and the extra cost these patients generate is ill-defined at present (41 ) . Consequently, only a few institutions currently perform pretherapeutic CYP2D6 genotyping (42 ) . This could change dramatically if clinical situations are defined in which therapeutic decisions based on genotyping results are made for every patient.
Our results suggest that a genetically distinct large subgroup of patients (65%), i.e., low-risk and perhaps medium-low-risk patients, tolerate standard-dosage AT therapy well with very few adverse events and without apparent loss of efficacy. This could also enhance the regularly observed lack of compliance and is, hence, of particular interest in outpatients as well.
AT has been replaced by newer drugs as first-line therapies based solely on claims of improved tolerability, with uncertain clinical significance (43 ) , rather than improved efficacy (44 ) . Pretherapeutic genotyping of CYP2D6 and perhaps CYP2C19 may therefore form the basis for a revival of this well-established drug.
There are two reasons that AT might be preferable to newer drugs, presuming that the burden of side effects is reduced. Recent metaanalyses reported a slight, but not significant, advantage of AT regarding efficacy (43, 44 ) , and the cost of AT therapy is substantially lower than that for new drugs. Currently, in Germany, 1 year of AT therapy costs approximately €245 as opposed to €1550 for Venlafaxin. These potential savings easily cover the extra cost for genotyping, which can be estimated as approximately €100 -150 per patient (41 ) . Two of three patients could receive standard doses of AT, whereas "high-risk" patients could be treated with newer, more expensive drugs, preferably not metabolized by CYP2D6, or receive modified doses of AT (45 ) . The detection of PMs and UMs, who are very likely at an even higher risk for side effects or therapeutic failure, provides an extra benefit in this situation and may not need to serve as primary economic justification for genotyping.
This scenario describes one of the first applications for the clinical use of pretherapeutic genotyping of metabolizing enzymes to individualize therapy for all patients rather than just screening for extreme outliers.
Another interesting new finding with potential consequences was the observation that NT but not AT concentrations correlated significantly with adverse events. Contrary to the situation in CYP2D6, this led to the idea that slower CYP2C19 metabolizers would suffer less from side effects than faster metabolizers. In our data, there was a uniform trend to confirm that notion, but statistical significance was not reached when we analyzed it on its own. The effect on NT concentrations and side effects was much weaker than that of CYP2D6, but our population with diminished CYP2C19 function consisted almost exclusively of IMs. The effect might be more pronounced in Asian populations, in which the number of CYP2C19 PMs is higher (15, 20, 23 ) .
One could also speculate that cotherapy with inducers of CYP2D6 and/or more readily available inhibitors of CYP2C19 might increase the tolerability of AT therapy, allowing higher, possibly more effective doses without intolerable adverse effects. Ideally, such an inhibitor would be another antidepressant that possibly creates synergistic effects (e.g., citalopram). Particularly in CYP2C19 IMs, low doses of such an inhibitor might be sufficient to obtain the desired effect without the risk of extra side effects.
Lastly, this study also has implications for therapeutic drug monitoring because it appears that assessing the risk of side effects is best done by NT concentrations rather than the sum of NT ϩ AT as is current practice.
Some limitations of this study have to be considered. Side effects and response were assessed after 3 weeks of therapy, and no prediction can be made about long-term therapy. However, most side effects surfaced early in the course of therapy. Noncompliance as an indicator of side effects was not evaluated because the study was designed to avoid noncompliance. Comedication and even CYP2D6-relevant comedication could not be completely avoided, which could have had an impact on both response and side effects. One could argue, however, that detecting effects under these "clinical" conditions supports their clinical relevance (41 ) . The study also does not confirm that the reduced rate of AT-related side effects in low-risk groups is comparable to or lower than the rate for alternative drugs, but reported results from metaanalyses comparing adverse events for AT and other compounds tend to support such a conclusion (43, 44 ) . The results cannot be extended to UMs or PMs, and in other ethnic groups, completely dysfunctional CYP2D6 alleles are observed less frequently than in Caucasians. However, alleles that lead to diminished function (*10 in Asians and *17 in Africans) are very frequent and may, particularly when present in the homozygous state, change metabolic activity to a comparable extent (13, 22 ) . Finally, the correlations observed here are probably relevant to critical-dose drugs only and may not be relevant to drugs with a wide therapeutic window (9 ) .
Because of the potentially large economic and medical benefits, this report could pave the way for larger studies otherwise difficult to finance and perform. If our results are confirmed, pretherapeutic genotyping of CYP2D6 and CYP2C19 may allow individualization of antidepressant therapy in the future. This prospective study demonstrates, for the first time, a statistically significant correlation between CYP2D6 genotype and adverse effects of antidepressive medication.
Beyond the immediate implications for antidepressive therapy, this study highlights how combined slight differences in genetically determined enzymatic activity can lead to the accumulation of intermediate metabolites and have a significant impact on clinical outcome.
The pharmacodynamic effects of intermediate metabolites determine how genetic variations of metabolizing enzymes influence adverse events and therapeutic response. Decreased elimination of an active metabolite may enhance therapeutic response, whereas decreased formation may antagonize the desired therapeutic effects. The opposite holds true for a predominantly toxic metabolite. Diminished metabolism may, therefore, be detrimental or beneficial, depending on the metabolic pathway of a particular drug. This means that variable sequences of normal and diminished metabolism in involved enzymes may pose a higher risk for adverse events or promise increased response. In addition, slightly diminished metabolism, as observed in IMs, may amount to clinically relevant effects if they are present in several enzymes that are sequentially involved in the metabolism of a drug. Therefore, detailed knowledge of metabolism is necessary to predict the effects of genetic variation in drug-metabolizing enzymes for a particular drug.
In conclusion, this study shows how the combination of normal (fast) CYP2C19 function and slightly diminished CYP2D6 function leads to high concentrations of a toxic intermediate metabolite (NT) and a high risk for adverse events. It therefore supports the concept that fast formation and reduced elimination of active or toxic intermediate metabolites increase the importance of genotyping for reasons other than identifying individuals with the most extreme phenotypes (PM and UM). This may be of major relevance to current and future drugs, and AT may serve as a model drug to study sequential effects of the CYP2C19 and CYP2D6 genotypes on adverse events and response to therapy.
